Natural polyisoprene is a biopolymer consisting of isoprene units (C 5 H 8 ) that is used commercially in household, medical, and industrial materials. For the management of natural polyisoprene production, the selection of high-yield polyisoprene-producing trees, and an understanding of polyisoprene biosynthesis, a high-throughput and highly sensitive screening method for the quantification of polyisoprene is required. In this study, we examined pyrolysates from polyisoprenes, polyprenols, carotenoids, ubiquinone (CoQ-10), and sterols by pyrolysis gas chromatography/mass spectrometry (PyGC/MS) and determined that the amounts of isoprene and limonene released from polyprenols and polyisoprenes were dependent upon their molecular weights. Based on these results, we developed a relative quantification method for polyisoprene in leaves by direct analysis of 1 mg of leaves using PyGC/MS. This novel quantification method eliminated extraction steps and can be used in the measurement of polyisoprene contents in Eucommia ulmoides and Hevea brasiliensis.
Natural polyisoprene is classified into trans-1,4-polyisoprene and cis-1,4-polyisoprene according to the geometric isomerism. One of the trans-1,4-polyisoprene-producing plants is Eucommia ulmoides. trans-1,4-Polyisoprene has properties including resistance to biological degradation and nonconductivity. One of the cis-1,4-polyisoprene-producing plants is Hevea brasiliensis. Natural cis-1,4-polyisoprene has unique properties including resilience, elasticity, abrasion resistance, efficient heat dispersion, and impact resistance. These properties cannot be easily duplicated by synthetic polymers. 1) To enhance the quality and quantity of polyisoprene production, the biosynthesis of polyisoprene in several plants has been studied. 2, 3) To gain important information to understand the biosynthesis of polyisoprene, measurement of the polyisoprene content of transgenic plants in which genes related to polyisoprene biosynthesis is required and screening of a large number of transgenic plants is necessary owing to the many genes related to polyisoprene biosynthesis in plants. 4) In addition, it is difficult to collect large amounts of tissue including leaves, roots, latex, and so on, from transgenic plants. Hence, a high-throughput and highly sensitive screening method is required for the quantification of polyisoprene in trace amounts of transgenic plants.
The conventional quantification method for polyisoprene includes Soxlet extraction, which requires timeconsuming extraction/purification steps and large amounts of samples. In our previous studies, we developed a quantification method for polyisoprene extracted from a small amount of leaves using Fourier transform infrared spectroscopy (FT-IR) and pyrolysis gas chromatography/spectrometry (PyGC/MS), but it required extraction and purification steps. 5) We also developed a rapid quantification method for polyisoprene in leaves using Fourier transform-near infrared spectroscopy (FT-NIR). 6) FT-NIR analysis was highthroughput, but it required dozens of samples with a large amount as a training set. Hence, our previous methods are not suitable for the screening of polyisoprene contents from trace amounts of tissue from plants such as transgenic plants.
Pyrolysis gas chromatography/mass spectrometry (PyGC/MS) is based on a quantitatively reproducible thermal degradation of trace amounts of macromolecules into small molecules. These small molecules can be separated by gas chromatography, detected by highsensitive mass spectrometry, and identified by comparison of the mass fragmentation patterns generated by the mass spectrometer with patterns in compound libraries. This technique is powerful for qualification and quantification of polymer blends 7, 8) and for qualitative identification of lignin in tobacco and herbs. 9, 10) We assumed that the pyrolysates released from polyisoprene by direct analysis of leaves with PyGC/MS can be measured by chromatographic separation from those released from other metabolites.
However, plants contain polyprenols (low-molecularweight polyisoprene) and isoprenoids such as carotenoids and quinones, which consist of linear isoprene units, either partial or whole. Polyprenols and dolichols are linear polyisoprenes composed of numerous isoprene units in polyisoprene-producing plants. 11) Carotenoids are isoprenoids, which consist of linear polyisoprene units, either partial or whole. Plastoquinone and ubiquinone are quinones containing linear polyisoprene units y To whom correspondence should be addressed. Tel: +81-6-6879-7423; Fax: +81-6-6879-7426; E-mail: kobayashi@bio.eng.osaka-u.ac.jp as side chains. These polyprenols, carotenoids, and quinones might release pyrolysates that are identical to those from polyisoprene and influence to the accuracy of the quantification of polyisoprene.
In this study, we investigated pyrolysates from polyprenols, carotenoids, quinone, and sterols qualitatively and quantitatively.
Materials and Methods
Plant samples. Eucommia ulmoides leaves were collected from plants grown in a plant room (3 months after seeding) and from mature trees at Osaka University in October, November, and December of 2005. Hevea brasiliensis leaves were collected from commercially available seedlings.
The leaves were rinsed with distilled water and cut mid-vein before lyophilization. The dried leaves were pulverized in a Waring blender and strained through 0.5-1.0 mm porosity aluminum sieves.
Chemicals. For quantification of the pyrolysates released from polyprenols and polyisoprenes, solanesol (Sigma-Aldrich, St. Louis), undecaprenol (Larodan Fine Chemicals, Malmo, Sweden), nonadecaprenol (Larodan), cis-polyisoprene standards (M n 1,199,400, M n 6000, M w /M n 1.04; M n 2560, M w /M n 1.08; Polymer Source, Montreal, Canada), and trans-polyisoprene (Kuraray Trading, Osaka, Japan) were analyzed by PyGC/MS. For quantification of pyrolysates released from isoprenoids, ubiquinone-10, zeaxanthin, lycopene, -sitosterol (Wako Pure Chemical Industries, Osaka, Japan), chlorophyll, and stigmasterol (Sigma-Aldrich) were analyzed. Polybutadiene (M n : 6000, more than 90% of 1,4 units, containing some 1,2 units) as an internal standard for PyGC/MS was obtained from Polymer Source.
Direct analysis method and extraction/analysis method for the quantification of polyisoprene in leaves. In the direct analysis method of polyisoprene content of leaves, 1 mg of dried, pulverized leaves with 100 mg of polybutadiene (internal standard) was analyzed by PyGC/ MS. In the extraction/analysis method of the polyisoprene in leaves by PyGC/MS, dried, pulverized leaves were suspended in ethanol and the supernatant was discarded after centrifugation. This step was repeated until the supernatant was colorless. The residue was dried with a centrifugal concentrator and polyisoprene was extracted with toluene. The extracted polyisoprene was added to 100 mg of polybutadiene as an internal standard, and was analyzed by PyGC/MS.
5) The conditions of PyGC/MS were as previously described.
5) The PyGC/MS spectrum was recorded 4 min after injection.
Quantification of the isoprene and limonene released from polyprenols, polyisoprenes, and isoprenoids. Calibration curves of isoprene and limonene were generated by the ratio of the area of those from EU-polyisoprene and area of a pyrolysate from polybutadiene (100 mg). Using the calibration curve, the isoprene and limonene released from 100 mg of polyprenols, polyisoprenes, and isoprenoids were quantified.
Results and Discussion
Identification of pyrolysates from polyisopreneproducing plants and non-polyisoprene-producing plants by the direct analysis method Isoprene and limonene were the major pyrolysates from polyisoprene. To establish a direct analysis method of polyisoprene content in leaves, the pyrolysates released from polyisoprene in the leaves including isoprene and limonene, were investigated (Table 1) .
After pyrolysis, isoprene and limonene were released from the leaves of polyisoprene-producing plants including Eucommia ulmoides and Hevea brasiliensis (Fig. 1) , whereas these pyrolysates were not released from non-polyisoprene-producing plants including Arabidopsis thaliana and Spinacia oleracea. In addition, isoprene and limonene were released from the leaves of high-polyprenol-containing plants including Nicotiana tabacum, which contain large amounts of nonaprenol (solanesol). These results imply that isoprene and limonene released from the leaves of polyisoprene-producing plants and high-polyprenolcontaining plants were probably derived from polyisoprene and polyprenol.
Characterization of isoprene and limonene derived from quinone, carotenoids, and chlorophyll by pyrolysis Plants contain various isoprenoids consisting of isoprene units (Fig. 2) . The isoprene and limonene released from isoprenoids (ubiquinone-10, -carotene, zeaxanthin, lycopene, chlorophyll, -sitosterol, and stigmasterol) in plants, and their molecular weights, were examined. Ubiquinone-10 (CoQ-10, Fig. 2c ) contains a linear polyisoprene (number of isoprene units, 10) as a side chain. Isoprene and limonene were detected from pyrolysates of ubiquinone-10. The amount of isoprene released from ubiquinone-10 (78:7 AE 2:8%) was nearly identical to that of the isoprene released from solanesol and undecaprenol, but the amount of limonene (81:1 AE 3:0%) was smaller than that released from solanesol and from undecaprenol (Table 2) .
Carotenoids, which are composed of 8 isoprene units, contain whole or partially linear polyisoprene units. Isoprene and limonene were not released from -carotene (Fig. 2d), zeaxanthin (Fig. 2e) , or lycopene. -Carotene, zeaxanthin, and lycopene are carotenoids that contain conjugated double bonds in their isoprene units. In addition, both ends of the isoprene units of -carotene and zeaxanthin are cyclyzed. Accordingly, isoprene and limonene might not be released from these carotenoids.
-Sitosterol (Fig. 2f) and stigmasterol ( Fig. 2g ) are isoprenoids consisting of 6 isoprene units. Neither isoprene nor limonene was released from those sterols after pyrolysis. Chlorophyll contains a partially saturated linear polyisoprene. As observed in the case of sterols mentioned above, chlorophyll did not release either isoprene or limonene after pyrolysis.
Characterization of isoprene and limonene derived from different molecular weight polyprenols and polyisoprene by pyrolysis
Polyisoprene-producing plants contain a wide range of molecular weight distribution of polyisoprene. Low molecular weight polyisoprenes (polyprenol) might volatile in the pyrolyzer with/without pyrolysis due to their low boiling point. However, high molecular weight polyisoprenes require complete pyrolysis for their volatilization before entering a GC column. Accordingly, the amount of isoprene and limonene released from polyprenols and high molecular weight polyisoprenes are thought to be different. Compared to the high molecular weight polyisoprenes, polyprenols produce lower amounts of isoprene and limonene. The isoprene and limonene released from polyprenols and polyisoprenes were examined. Table 2 shows the correlation between the relative amounts of pyrolysates from polyprenols and polyisoprenes and their molecular weights. The amounts of isoprene and limonene from polyprenols and polyisoprenes correlated to some range of their molecular weights. This tendency was found in the pyrolysates b number average molecular weight; c mean AE SD from both cis-and trans-polyprenols and polyisoprenes. The amount of isoprene released from nonadecaprenol (molecular weight, 1,310) was almost identical to that released from the higher molecular weight polyisoprenes, such as EU-polyisoprene (trans-polyisoprene extracted from Eucommia ulmoides; M n , number average molecular weights, 6,000 and 1,200,000), cis-polyisoprene (M n : 2,560, 6,000, 1,192,000), and trans-polyisoprene (M n : 6,000-1,200,000). However, the amount of limonene released from cis-polyisoprene (M n : 6,000) was nearly identical to EU-polyisoprene (M n : 6,000 and 1,200,000), cis-polyisoprene (M n : 2,560, 6,000, 1,192,000), and trans-polyisoprene (M n : 6,000-1,200,000). These results indicate that the increases in isoprene and limonene amounts that were released from polyprenols and polyisoprenes were accompanied by increases in the molecular weights of polyprenols and polyisoprenes. The amount of limonene was affected more by the molecular weight. Limonene was formed by a recombination of isoprene via the Diels-Alder reaction after the pyrolysis.
7) The reduction in the isoprene amounts released from the small molecular weight polyprenols might have causes a reduction in the amount of limonene.
Correlation plot of polyisoprene content obtained by the direct analysis method and by the extraction/ analysis method Polyisoprenes, polyprenols, and isoprenoids that contain prenyl chains released isoprene and limonene as pyrolysates. The amounts of isoprene and limonene released from the polyprenols and polyisoprenes varied according to the molecular weight (Table 2) . Lower molecular weight polyprenols and polyisoprenes released smaller amounts of limonene than of isoprene. These results suggest that the limonene released from polyisoprene-producing plants might have been derived from polyisoprene more than polyprenols and isoprenoids in leaves. Accordingly, the polyisoprene content in the leaves was measured by quantification of limonene.
The polyisoprene contents were measured by analysis of the relative peak areas of limonene released from the leaves or of the extracted polyisoprene to that of 4-vinylcyclohexene released from polybutadiene (internal standard). The correlation plot of polyisoprene contents (%) in E. ulmoides leaves obtained by the direct analysis and extraction/analysis methods is shown in Fig. 3 . The mean and the range of polyisoprene contents are shown in Table 3 . The polyisoprene contents in nine samples of leaves obtained by the direct analysis method ranged from 2.1 to 7.4%, while that obtained by the extraction/ analysis method ranges from 0.6 to 5.3%. The range of polyisoprene contents was narrow, but the correlation plot showed high linearity (R 2 ¼ 0:97). Even though the point with the highest polyisoprene content (extracted polyisoprene content, 5.3%) was removed from the plot, the linearity was still high (R 2 ¼ 0:96). The average content of polyisoprene in the nine samples was calculated. The results indicate that the average polyisoprene content obtained by the direct analysis method was 4:3 AE 1:6%, whereas that obtained by the extraction/analysis method was 2:3 AE 1:4%. The difference (1:9 AE 0:3%) between these averages might have been due to limonene released from polyprenols, because polyprenols were removed through extraction and purification of polyisoprene by the extraction/analysis method.
The PyGC/MS technique was then used to investigate the polyisoprene contents in another polyisopreneproducing plant, H. brasiliensis the target plant for efficient polyisoprene production including a transgenic approach.
3) The correlation plot of polyisoprene contents (%) in H. brasiliensis leaves obtained by the direct analysis and extraction/analysis methods showed R 2 ¼ 0:90 in the range of polyisoprene content, with values from the extraction/analysis method ranging from 0.038 to 0.056%.
In conclusion, a high-throughput and highly sensitive method for quantitative analysis of polyisoprene in leaves by PyGC/MS was developed. Polyisoprenes, polyprenols, and some isoprenoids were analyzed by the method developed and the results indicated that isoprene and limonene were pyrolysates released from polyprenols, polyisoprenes, and ubiquinone-10. Quantification of limonene by direct analysis of leaves from polyisoprene-producing plants with PyGC/MS can be used for the relative quantification of polyisoprene in the leaves. The polyisoprene content in a small portion of tissue is not always identical to that in whole tissue, but from a practical standpoint, this technique facilitates the comparison of polyisoprene content in 1 mg of leaves from plants like culture bottle growing transgenic plants which can be collected in limited amounts. 
